Murine epidermal stem cells undergo alternate cycles of dormancy and activation, fuelling tissue renewal. However, only a subset of stem cells becomes active during each round of morphogenesis, indicating that stem cells coexist in heterogeneous responsive states. Using a circadian-clock reporter-mouse model, here we show that the dormant hair-follicle stem cell niche contains coexisting populations of cells at opposite phases of the clock, which are differentially predisposed to respond to homeostatic cues. The core clock protein Bmal1 modulates the expression of stem cell regulatory genes in an oscillatory manner, to create populations that are either predisposed, or less prone, to activation. Disrupting this clock equilibrium, through deletion of Bmal1 (also known as Arntl) or Per1/2, resulted in a progressive accumulation or depletion of dormant stem cells, respectively. Stem cell arrhythmia also led to premature epidermal ageing, and a reduction in the development of squamous tumours. Our results indicate that the circadian clock fine-tunes the temporal behaviour of epidermal stem cells, and that its perturbation affects homeostasis and the predisposition to tumorigenesis.
Murine epidermal stem cells undergo alternate cycles of dormancy and activation, fuelling tissue renewal. However, only a subset of stem cells becomes active during each round of morphogenesis, indicating that stem cells coexist in heterogeneous responsive states. Using a circadian-clock reporter-mouse model, here we show that the dormant hair-follicle stem cell niche contains coexisting populations of cells at opposite phases of the clock, which are differentially predisposed to respond to homeostatic cues. The core clock protein Bmal1 modulates the expression of stem cell regulatory genes in an oscillatory manner, to create populations that are either predisposed, or less prone, to activation. Disrupting this clock equilibrium, through deletion of Bmal1 (also known as Arntl) or Per1/2, resulted in a progressive accumulation or depletion of dormant stem cells, respectively. Stem cell arrhythmia also led to premature epidermal ageing, and a reduction in the development of squamous tumours. Our results indicate that the circadian clock fine-tunes the temporal behaviour of epidermal stem cells, and that its perturbation affects homeostasis and the predisposition to tumorigenesis.
Epidermal stem cells ensure that skin homeostasis is maintained. Murine epidermal stem cells are located either at the permanent portion of the hair follicle-termed the bulge-and are exclusively responsible for hair cycling [1] [2] [3] [4] ; or at the junction between the epidermis and the hair follicle (isthmus), and feed into the epidermis and sebaceous glands [5] [6] [7] . In addition, a continuous proliferation of basal interfollicular epidermal cells ensures daily epidermal maintenance 8 . Bulge stem cells undergo bouts of activation followed by periods of dormancy, to establish hair follicle cycling. Robust TGF-b and Bmp signals act as 'activation breaks', rendering bulge cells dormant during the resting phase of the hair cycle (telogen) [9] [10] [11] . At the onset of the growth phase (anagen), bulge cells respond to Wnt signals by migrating into the lower proliferative hair germ region, where they contribute to follicle growth [12] [13] [14] [15] . Subsequently, at mid-anagen, the bulge undergoes a second round of activation, which replenishes cells lost at the onset of anagen 2, 3 . However, the response of bulge stem cells to activating stimuli is a heterogeneous process, as only a subset of them become active during either stage of activation 12, 13 . The nature of such niche heterogeneity is currently unknown. Importantly, perturbing the equilibrium between the responsive and non-responsive stem cell states causes tissue malfunction and increases the risk of carcinogenesis [16] [17] [18] [19] [20] . Here, we analysed the role of the molecular clock in fine-tuning the function of epidermal stem cells. The mammalian clock machinery anticipates and synchronizes vital functions related to the physiological circadian needs of the organism 21 . The core molecular clock is established by a positive limb, composed of heterodimers of the transcription factors Clock and Bmal, which drives the rhythmic expression of the negative limb proteins, period (Per1-3), cryptochrome (Cry1/2), and Dec1/2 (ref. 21) . Accumulated Per and Cry proteins in turn translocate to the nucleus and inhibit Bmal/Clock transcriptional activity, thereby repressing their own expression and marking the beginning of a new cycle.
Circadian heterogeneity in hair-follicle stem cells
We monitored the activity of the clock in epidermal stem cells by means of a reporter bacterial artificial chromosome (BAC) transgenic mouse, in which the expression of fluorescent venus is under the regulation of the full-length promoter of the Per1 gene 22 . Venus expression mirrors the endogenous oscillation of the clock in the suprachiasmatic nuclei, where the central pacemaker resides, thereby establishing its bona fide circadian reporter activity 22 . We first studied the behaviour of the clock in the dorsal skin of Per1-venus mice collected between postnatal days (P)19 and P31, when hair follicles synchronously transit from the dormant to the growth phase.
At P19, a stage in which the bulge is predominantly dormant, the bulge cells expressing CD34 and the highest levels of a6 integrin (a6 integrin bright /CD34
1
) contained a continuum of venus-expressing populations, which could be subdivided into cells with highest mean fluorescence intensity of venus (venus bright ), and those with no venus fluorescence (venus dim ), as determined by immunohistochemistry ( Supplementary Fig. 1 ), and fluorescence-activated cell sorting (FACS) (Fig. 1a, b) . At this stage, the bulge contained approximately equal numbers of venus bright and venus dim stem cells (Fig. 1a, b) . As hair follicles synchronously progressed into anagen (from P20 to P31), the proportion of venus bright bulge cells steadily increased, reaching a proportion of 90% venus bright to 10% venus dim at the peak of follicle growth (Fig. 1a, b) . Conversely, the basal layer of the interfollicular epidermis (a6 integrin bright /CD34 2 ) showed a homogenous pattern of clock activity with a ratio of 95:5 venus bright :venus dim cells, irrespective of the day analysed ( Supplementary Fig. 2 ). Heterogeneity of the clock phase in bulge cells during the telogen to anagen transition was also observed with another independently generated reporter line, Per1-GFP, as shown by three-dimensional wholemount GFP fluorescence imaging of tail epidermis ( Supplementary  Fig. 3a, b) 23 . We next verified whether these clock stem cells states showed circadian rhythmicity. FACS analysis indicated that the expression of venus in bulge stem cells in anagen (P27), or interfolllicular epidermis basal cells, followed a circadian pattern, irrespective of whether the mice were maintained in 12 h light/dark cycles, or in constant darkness under free running conditions (Fig. 1c and Supplementary Fig. 4a, b) 
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. This circadian variation was further confirmed by time-lapse in vivo confocal microscopy of venus fluorescence in dorsal skin explants biopsied from adult Per1-venus mice, and GFP fluorescence in whole mounts of tail epidermis of Per1-GFP mice ( Supplementary Fig. 4c, d ).
The clock regulates stem cell genes
We then compared the global transcriptomes of purified venus . As expected, both populations showed differential expression of core circadian transcripts, such as Cry2, Per1, Nr1d1, Rorb, Dec2 and E4BP4 (also known as Nfil3) (Fig. 1d and Supplementary Table 1) . Intriguingly, although the bulge is inactive at P18-19, both populations differed in the expression of a significant number of genes previously shown to constitute the bulge signature 2, 3, 12, 24 . Venus bright bulge stem cells expressed higher levels (between 1.4-to 3-fold) of Wnt-signalling factors, including Tcf3, Fzd2/3, Sox9, Lhx2, Lgr5, Lef1, Dkk3 and Dab2, as well as TGF-b-inhibitory factors such as Smad7, Ltbp2-4, Smurf, Lefty and Cul1 (Fig. 1d , e, and Supplementary Table 1 ). Other pathways differentially expressed relevant for bulge behaviour related to integrins, Notch, Bmp and Shh, among others (Fig. 1d, e) .
Thus, the coexisting clock states of dormant bulge stem cells correlated with differential expression of key epidermal homeostasis genes. Promoter analysis revealed that several of these genes, encoding for proteins known to control bulge dormancy, activation, differentiation and niche interactions 1 , contained several putative Bmal1/ Clock-binding sites within their proximal and distal promoter regions (Supplementary Table 2 ). These included the Wnt signalling factors Dab2, Lef1, Dkk3, Fzd2, Sox9, Lhx2 and Tcf4; TGF-b regulators such as Smad7, Lefty, Smurf2 and Smad9; and Itga6 as well as modulators of Bmp and Notch signalling (Supplementary Table 2 ). We confirmed by chromatin immunoprecipitation (ChIP) that Bmal1/Clock bound to these promoters in intact adult tail epidermis ( Supplementary  Fig. 5a ), and that the binding of Bmal1 was circadian (Fig. 2) . Chromatin occupancy of Bmal1 to these genes was also confirmed in FACS-sorted bulge stem cells ( Supplementary Fig. 5b ).
Clock arrhythmia affects homeostasis
We next sought to study the biological significance of this clock mechanism in epidermal stem cells in vivo. To this end, we generated mice with a conditional deletion of Bmal1 in the keratin-14 1 basal keratinocyte compartment (K14Cre/Bmal1
LoxP/LoxP , hereafter refered as Bmal1KO) ( Supplementary Fig. 6a, b) . Deletion of Bmal1 causes circadian arrhythmicity without the need to perturb any other core circadian member 21 , and its ubiquitous deletion causes premature ageing, including defects in adult skin morphogenesis [25] [26] [27] . We crossed Bmal1KO and Per1-venus mice, and verified that the circadian clock of bulge stem cells and basal interfollicular epidermal cells was arrhythmic, and permanently skewed towards a clock low (venus dim ) state (Supplementary Fig. 6c ).
Bulge stem cells and primary keratinocytes isolated from the dorsal skin of Bmal1KO mice expressed lower transcript levels of Wnt-related 
Venus bright Venus dim Fold change is shown as relative to venus dim cells after normalization to pumilio 1 (Pum1) (n 5 2, pool of 6 mice per replicate). Results in b, c and e are shown as mean 6 s.e.m., *P , 0.05, **P , 0.01, ***P , 0.001 (two-tailed Student's t-test).
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genes including Dab2, Dkk3, Lef1 and Wnt10a, than control stem cells ( Fig. 3a and Supplementary Fig. 5c ). In addition, they contained lower messenger RNA levels of TGF-b inhibitors, and higher amounts of Tgfbr2 and Smad3 (Fig. 3a and Supplementary Fig. 5c ). The expression of Wnt and TGF-b-related factors in purified bulge stem cells varied within a 12 h period in wild-type mice, but not Bmal1KO mice ( Supplementary Fig. 5d ). Accordingly, the hair follicles of Bmal1KO mice showed the same differences at the protein level, as exemplified by immunohistochemical analysis of Sox9, Lef1, phospho-Smad2 and TGFbR2 in dorsal skin sections, and western blot from primary keratinocytes (Fig. 3b, d) .
Altogether, these results indicated that the clock machinery might endow subpopulations of epidermal stem cells with different predispositions to respond to dormancy or activation stimuli, such as TGF-b and Wnt. In line with this, the hair follicle bulge and interfollicular epidermis of Bmal1KO mice contained higher levels of active phospho-Smad2 (Fig. 3b, d) . Moreover, Bmal1KO keratinocytes were more responsive to TGF-b treatment than control keratinocytes (Fig. 3c) . We could not detect any Wnt activity using the Wnt-specific reporter containing binding sites for TCF/Lef proteins (TOP-Flash) in our primary cultures of mouse keratinocytes stimulated with the GSK3b inhibitor 6-bromoindirubin-3-oxime (BIO), or purified Wnt3a, in accordance with previous reports 28 ; this prevented us from further studying the effect of Bmal1 deletion on Wnt responsiveness (Supplementary Fig. 7) .
When plated at clonal density, Per1-venus bright bulge stem cells and basal epidermal cells showed a higher growth potential than the corresponding venus dim population, further suggesting that the clock high state is more prone to become activated than the clock low counterpart (Fig. 3e) . Additional data confirmed this hypothesis. First, the hair follicle bulges of Bmal1KO mice, which are permanently locked in the clock low state, contained fewer proliferative cells and a higher number of long-term label (BrdU)-retaining dormant stem cells (LRCs), from 10 months of age and onwards (Fig. 4a) . Second, the epidermis of another model of circadian arrhythmia, Per1 and Per2 double-mutant mice (Per1/2dKO), which lacks the negative limb of the molecular clock and is therefore locked in the clock high state, showed the opposite effects; that is, enhanced bulge proliferation, reduced numbers of bulge LRCs and sustained expression of epidermal clock target genes 29 ( Fig. 4b and Supplementary Fig. 8 ). The hair follicles of Bmal1KO were less efficient in becoming active upon depilation ( Supplementary Fig. 9a ). Bmal1KO bulge cells were also less hyperprolifertive than wild-type bulge cells in response to treatment with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA), thus delaying the entry of the hair follicles into anagen ( Supplementary  Fig. 9b ). Lastly, epidermal stem cells purified from Bmal1KO and Per1/ 2dKO mice were less and more clonogenic, respectively, in vitro than wild-type cells ( Supplementary Fig. 10a, b) . Of note, deletion of Bmal1 or Per1/2 did not affect the proportion of bulge stem cells in adulthood compared to their controls ( Supplementary Fig. 11a, b) .
Loss of Bmal1 induces epidermal ageing
Reduced and enhanced proliferation, respectively, was also evident in the basal layer of the interfollicular epidermis of Bmal1KO and Per1/ 2dKO mice ( Supplementary Fig. 12 ). Bmal1KO mice showed signs of inefficient epidermal self-renewal, with premature signs of ageing as early as 5 months of age, such as the accumulation of terminally differentiated cornified cells (Fig. 4c and Supplementary Fig. 9c ). This was accompanied by increased expression of p16, which has been previously associated with increased epidermal ageing 30 , but not p19 or apoptosis (Supplementary Fig. 13 ). Because bulge stem cells do not contribute to epidermal maintenance in steady-state conditions 31 , we sought to understand the molecular mechanisms underlying the defects of the interfollicular epidermis of Bmal1KO mice. We performed Results are shown as mean 6 s.e.m., **P , 0.01, ***P , 0.001 (one-way ANOVA). Statistical significance determined by Cosinor analysis revealed a P value of P , 0.05 for Dbp and Cdk4, and P , 0.001 for Itga6, Lef1, Smad7, Sox9 and Tcf4. Table 3 ). As expected, cells from Bmal1KO mice showed strong differential expression of most of the core circadian transcripts, including the microRNA miRNA-122 (ref. 32) , some of which were validated independently by real-time quantitative PCR with reverse transcription (RT-qPCR) (Supplementary Fig. 14a and Supplementary Table 3) . Interestingly, Gene Ontology (GO) analysis indicated that the cell cycle, energy and drug metabolism, calcium-sensing proteins, the epidermal barrier response and chromatin compaction were significantly affected upon deletion of Bmal1 (Supplementary Fig. 14b ). Intriguingly, although Bmal1KO mice showed a hyperkeratotic phenotype, the viable epidermal layers expressed lower levels of terminal differentiation markers, including Flg, Lor, Sprr1, Lce genes and Tgm ( Supplementary Fig. 14c and Supplementary Table 3) . Interestingly, Bmal1KO cells also expressed lower amounts of the miRNA-23b/-27b/-24-1 cluster, which targets TGFbR2 and Smad proteins 33 ( Supplementary Fig. 14d ). The reduced levels of epidermal differentiation genes probably reflects the lower efficiency of activation of basal interfollicular epidermal cells in Bmal1KO mice, suggesting that the hyperkeratotic phenotype developed as a compensatory mechanism to ensure a certain degree of epidermal barrier protection.
Loss of Bmal1 reduces skin tumorigenesis
Because perturbation of the clock machinery affects the predisposition of certain tissues to carcinogenesis 34 , we next studied whether epidermal deletion of Bmal1 had any impact on the development of cutaneous squamous tumours. To this end, we crossed Bmal1KO mice with a transgenic line expressing oncogenic Sos, an activator of Ras, under the regulation of the Krt5 promoter (K5-SOS) 35 . In an EGFR mutant-heterozygous background, K5-SOS mice spontaneously developed squamous tumours, primarily in the tail, with 100% penetrance, as previously described 35 . Bmal1KO/K5-SOS mice developed significantly fewer neoplastic lesions at early-, mid-and late-stages of carcinoma development than control mice (Fig. 5a and Supplementary Fig. 15a ). The skin lesions of Bmal1KO/K5-SOS mice were more differentiated-as determined by increased expression of involucrin and loricrin-contained large cornified islands and a higher number of apoptotic areas, as compared to control tumours ( Supplementary Fig. 15b ). Control mice had to be killed by two months of age, a time at which no Bmal1KO mice had developed the number, or size, of tumours. The growth of cutaneous squamous tumours has been shown to depend on Wnt activity in a population of CD34 1 tumour-initiating cells 36 . However, we could not detect any nuclear b-catenin, either in control or in Bmal1KO neoplastic lesions, suggesting that, in our model, tumour growth did not primarily depend on misregulated Wnt signalling ( Supplementary Fig. 16a,  b) . We did observe a significant reduction in the percentage of a6 bright /CD34
1 tumour-initiating cells in BmalKO tumours with respect to wild-type tumours ( Fig. 5b and Supplementary Fig. 17) . Notably, whereas wild-type tumours expressed a6 integrin in basal and suprabasal cells, which has been previously associated with increased malignancy 37 , Bmal1KO tumours only expressed it in basal Table 3) , probably contribute to the reduced burden of squamous lesions in Bmal1KO mice.
Discussion
Our results indicate that the molecular clock establishes stem cell states that are differentially predisposed to respond to activation and dormancy stimuli. The clock machinery controls the expression of essential epidermal stem cell regulators to anticipate the requirements of the tissue. In this sense, in the epidermal compartment where quiescent stem cells exist (that is, the bulge), the clock establishes a population of 'ready-to-go' cells that can rapidly and efficiently respond to activation stimuli, while simultaneously preventing all stem cells within the niche from becoming responsive. Future studies will be necessary to determine when, and how, this stem cell heterogeneity is established. On the other hand, the murine interfollicular epidermis, which primarily depends on continuously cycling basal progenitors rather than dormant stem cells 38 for its renewal, shows a much more homogenous clock activity (albeit containing approximately 5% of cells antiphasic with the majority). In this compartment the clock machinery might predominantly establish a correct timing of stem cell activation and differentiation. Conditional deletion of Bmal1 in liver, retina and pancreas results in profound defects in tissue function [39] [40] [41] , and haematopoietic stem cells show a Bmal1/Clock-dependent circadian release to the periphery 42 . Altogether, these findings indicate that the clock machinery may constitute a fine-tuning homeostatic mechanism in tissues in which dormant and active populations of stem cells coexist. Unbalancing the epidermal stem cell clock not only substantially affected longterm tissue homeostasis, but also the predisposition of the tissue to undergo neoplastic transformation. It is likely that perturbations of this clock-controlled mechanism over stem cell regulation in humans may have long-term consequences on tissue homeostasis, ageing and carcinogenesis.
METHODS SUMMARY
For the isolation of epidermal cells from back or tail skin, the skin was incubated in 0.25% trypsin for 2 h at 37 uC, or overnight at 4 uC, to separate the dermis from the epidermis. Back and tail keratinocytes were extracted as described previously 43 . For ChIP assays, cells in suspension were cross-linked for 10 min at room temperature (22-25 uC) in 1% formaldehyde. Cross-linking reactions were stopped by adding 1.25 M glycine to a final concentration of 125 mM. Cells were centrifuged at 300g for 10 min at 4 uC and washed in cold PBS. Cell lysis, sonification and ChIP assays were performed using the MAGnify Chromatin Immunoprecipitation System (Invitrogen).
For FACS analysis or sorting of bulge and epidermal stem cells, cell suspensions were incubated for 30 min on ice with PE-conjugated anti-a6-integrin (CD49f clone NKI-GoH3, Serotec) and biotin-conjugated anti-CD34 (clone RAM34, BD Pharmingen) antibodies followed by APC-conjugated streptavidin (BD Pharmingen) for 20 min. Dead cells were excluded by 49,6-diamidino-2-phenylindole (DAPI) incorporation. FACS analysis and sorting were performed using LSRII FACS Analysers, FACSAriaII, FACSDiva (BD Biosciences) and Flowjo software.
For microarray analysis, total RNA was isolated from FACS-sorted cells using Trizol extraction and RNeasy Micro Kit (Qiagen). Transcriptional profiling was performed using GeneChip Mouse Gene 1.0 ST Array (Affymetrix) and functional analysis was performed using DAVID Bioinformatics Resources 6.7. ARTICLE RESEARCH
